Dynamic overshoots are seen after voluntary re-fixation saccades. They are microsaccadic movements which follow primary saccades and have no delay. The purpose of this study was to examine the prevalence and metrics of the dynamic overshoots seen after involuntary saccades. Using infra-red oculography we demonstrate that dynamic overshoots are a common occurrence in physiological square-wave jerks, congenital nystagmus and manifest latent nystagmus and that these overshoots are saccadic in nature and have the same dynamic characteristics as those seen following voluntary saccades. It is therefore likely that they share common neural commands to those dynamic overshoots seen after a volitional saccade. All dynamic overshoots are postulated to be the unwanted consequence of making a saccade and are simulated in a model of fast oculomotor behaviour which is consistent with known experimental results.
Introduction
Saccadic eye movements are typically examined by eliciting volitional responses to target steps of between 2 and 50° (Carpenter 1988; Becker 1991; Leigh & Zee 1999; Cuiffreda & Tannen 1995) . The resultant high-velocity movements have unique dynamic characteristics such that the peak velocity and duration of the saccades are related to the amplitude of the eye movement (Westheimer, 1954; Robinson, 1964; Bahill, Clark & Stark, 1975a; Baloh, Sills, Kumley & Honrubia, 1975; Bahill, 1981; Bahill, Brockenbrough & Troost, 1981; Collewijn, Erkelens & Steinman, 1988; Lebedev, Van Gelder & Tsui, 1996) . This relationship has been explored by many researchers (Boghen, Troost, Daroff, Dell'Osso & Birkett, 1974) and is called the main sequence (Bahill et al., 1975a) . The unique pulse-step motor command required to generate each fast eye movement is created by the distinct firing pattern of the brain stem burst and tonic neurones (Robinson, 1970; Keller, 1974; Bü ttner-Ennever & Bü ttner, 1988) .
Voluntary saccades, may be either normometric or dysmetric and the time course and accuracy of saccades are dependent on the experimental test conditions (e.g. the angular separation of the targets, the type of saccadic task and the state of the subject). Following a voluntary horizontal saccade there may be a slow postsaccadic drift (a glissade), the direction of which will depend on the nature of the pulse-step mismatch. Alternatively, at the end of the saccade, it is common to see a microsaccade (B 1°) in the opposite direction. These microsaccades, known as dynamic overshoots, have no delay and are more often seen in the abducting eye (Robinson, 1964; Bahill, Clark & Stark, 1975b; Kapoula, Robinson & Hain, 1986; Collewijn et al., 1988) .
Dynamic overshoots have also been observed in square-wave jerks. Square-wave jerks are conjugate, sporadic, involuntary, horizontal saccadic intrusions that interrupt fixation. They are comprised of a saccade that takes the eye away from the intended fixation position, followed some 200 ms later by a saccade that returns the eye back to its initial fixation position. Both pathological square-wave jerks (Dell'Osso, Troost & Daroff, 1975; Feldon & Langston, 1977; Doslak, Del-l'Osso & Daroff, 1983) and physiological square-wave jerks (Jung & Kornhuber, 1964; Dell'Osso, Abel & Daroff, 1977; Herishanu & Sharpe, 1981; Ohtsuka, Mukuno, Akai & Ishikawa, 1986; Shallo-Hoffmann, Petersen & Mü hlendyck, 1989; Shallo-Hoffmann, Sendler & Mü hlendyck, 1990 ) have been regularly reported. However, in all these studies, little attention was given to the presence and nature of the dynamic overshoots seen after each primary saccade. Other cases where microsaccades follow an involuntary fast eye movement are to be found in the bidirectional jerk waveforms seen in congenital nystagmus and in some of the waveforms seen in manifest latent nystagmus. (Dell'Osso & Daroff 1975a; Dell'Osso, 1985; Abadi & Scallan, 1999) . Analytically it can sometimes prove difficult to determine the provenance of a microsaccade when it directly follows a fast eye movement.
The purpose of this study is to examine the nature of dynamic overshoots seen after involuntary saccades and compare their characteristics with those that occur after voluntary saccades. Our results indicate that the presence of dynamic overshoots is very common in subjects with physiological square-wave jerks and congenital and manifest latent nystagmus and that they share the same dynamic characteristics as the dynamic overshoots seen after a volitional saccade.
Methods

Subjects
Twelve subjects (age range 17 -55 years) took part in the study. There were four groups of subjects: controls (n =3), physiological square-wave jerks (n =3), congenital nystagmus (n= 3) and manifest latent nystagmus (n= 3). Details of all the subjects are given in Table 1 . Informed consent was obtained according to the Declaration of Helsinki.
Eye mo6ement recording
Binocular horizontal eye movements were monitored using an IRIS 6500 infrared limbal tracker (Skalar Medical, Delft, The Netherlands). The analogue output was filtered through a 100 Hz low-pass filter, digitised to 12-bit resolution and then sampled at intervals between 5 and 1 ms (i.e. 200-1000 Hz). The system was linear to 9 20°and had a resolution of 0.03°. Each subject's head was well restrained using chin and cheek rests. Head movements with respect to earth were calculated to be less than 6% of arc in amplitude.
The targets were back-projected onto a screen 210× 82 cm, and viewed from 114 cm giving a field of 56°( horizontal) ×40°(vertical). Test targets subtended visual angles from 1 to 5°depending on the visual acuity of the subject. Fixation was measured when subjects viewed the target in primary position. Voluntary saccades were elicited by either randomly moving the target in step jumps horizontally around the primary position or by moving the target in a predictable fashion covering the same target amplitudes. Target step amplitudes varied from 0.5 to 30°. Fast phases were identified using a two-point central difference algorithm.
Results
The control group: 6olitional saccades and dynamic o6ershoots
Fig. 1a-c illustrates the eye position, velocity and , and eye acceleration (c) responses to non-predictive target step movements between 0.9 and 16°for control subjects. All data was collected binocularly and only the right eye data is shown. Dynamic overshoots (i.e. microsaccades) are seen after each saccadic amplitude except for the 16°target displacement. Upward and downward displacements represent movements to the right and left, respectively. voluntary saccade was found to be greater for the smaller amplitude saccades compared with saccades whose amplitudes were larger than 10° (Fig. 3c,d ). Dynamic overshoots were also found to be more prevalent in the abducting eye compared with the adducting eye.
Physiological square-wa6e jerks and dynamic o6ershoots
A typical physiological square-wave jerk is shown in Fig. 4a where rightward and leftward primary saccades intrude on the steady fixation. In this case, the eye is seen to make an initial 0.55°saccade to the right (PS R ) then after remaining in this position for 160 ms, a leftward saccade (PS L ) quickly returns the eye back to the primary position. The velocity and acceleration profiles indicate that after each primary saccade there follows a dynamic overshoot. For the three subjects, the amplitudes and peak velocities of the dynamic overshoots ranged from 0.2 to 0.9°and 10 to 80°/s, respectively. Fig. 4b illustrates that the primary saccades fall on a main sequence as do the dynamic overshoots (Fig. 4c) . The pooled relationships between the amplitudes and peak velocity of the primary saccades and the microsaccades are shown in Fig. 4d . The relationships between the amplitude of a primary saccade with the amplitude of the subsequent dynamic overshoots for voluntary and involuntary saccades (square-wave jerks) are illustrated in Fig. 5a . The peak-velocity relationships between the dynamic overshoots and the primary saccades are shown in Fig. 5b . No direct relationship was found between the amplitude/peak velocity of the primary saccade and the amplitude/peak velocity of the dynamic overshoots. Dynamic overshoots rarely exceeded 0.5°even for primary saccades above 10°in amplitude.
Congenital nystagmus and microsaccades
Three subjects with congenital idiopathic nystagmus were examined. In the first case (S7) the waveform was a bi-directional jerk nystagmus. This is a pseudopendular with foveating saccades waveform in which both the foveating and breaking saccades have dynamic overshoots. Fig. 6a illustrates the position, velocity and acceleration traces when the subject binocularly viewed a stationary target in the primary position of gaze. The mean amplitude and frequency of the oscillation were 5.5°and 3.5 Hz, respectively. Casual observation of the position trace indicates that in addition to the two fast phases, two dynamic overshoots are also seen. Initially the eye is seen to run away to the right with an increasing velocity and is then followed by a leftward primary saccade (PS L ). Without any delay a rightward acceleration responses to random single target steps of between 0.9 and 16°for one of the control subjects (S2). All subjects exhibited numerous dynamic overshoots after the primary saccade, irrespective of whether one or two saccades were required to achieve the desired target position. Across the group, the amplitudes of the dynamic overshoots typically ranged from 0.1 to 0.6°a nd the peak velocities ranged from 20 to 60°/s. The peak velocities of the primary saccades are plotted against the saccadic amplitudes and are seen to fall on the main sequence (Fig. 2d) .
Detail of a typical small voluntary saccade is shown in Fig. 3a . Here it can be clearly seen that a dynamic overshoot or microsaccade to the left (MS L ) follows the rightward primary saccade (PS R ). The peak velocity of each dynamic overshoot, when plotted against its corresponding amplitude, is shown in Fig. 3b and the resultant function follows the main sequence for voluntary primary saccades which is illustrated in Fig. 2d . The probability of a dynamic overshoot occurring after a microsaccade is made (MS R ). There then follows an increasing velocity slow eye runaway to the left, after which, there is a rightward primary saccade (PS R ) and a leftward microsaccade (MS L ). That is, after each PS L and PS R there is a dynamic overshoot. Peak velocityamplitude relationships for the primary saccades and the microsaccades are shown in Fig. 6b ,c. The data is pooled in Fig. 6d .
For the second subject (S8) the eye initially exhibits a runaway slow phase to the right thereafter a primary saccade to the left (PS L ) is followed by a microsaccade to the right (MS R ) (Fig. 7a) . This is a jerk with extending foveation waveform in which the fast phases have dynamic overshoots. The main sequences for the primary saccades and microsaccades are shown in Fig.  7b ,c with d illustrating the two separate clusters of points. Once again here is a CN subject showing dynamic overshoots, but in this case, they are unidirectional compared with the bi-directional nature of the waveform seen in subject 7 (Fig. 6) .
The third subject (S9) had a right beating CN. After each rightward primary saccade (PS R ) there was a dynamic overshoot (MS L ) which was shown to be saccadic in nature.
Manifest latent nystagmus and microsaccades
In manifest latent nystagmus the beat direction of the oscillation is dependent on the fixing eye. Right and left eye fixation will give rise to right and left-beating manifest latent nystagmus, respectively. A typical waveform is shown in Fig. 8a where the subject (S11) is viewing a target in primary gaze with the left eye open and the right eye covered. After the eye drifts to the right there then follows a primary saccade to the left (PS L ) and, without delay, a rightward microsaccade (MS R ). The range of amplitudes and peak velocities of the microsaccades were 0.8 -3°and 50 -100°/s, respectively. Both the primary saccades and the microsaccades are seen to fall on main sequences (Fig. 8b-d) .
The eye movements of a second subject with manifest latent nystagmus (S12) are shown in Fig. 9a . In this case the leftward microsaccade (MS L ) directly follows the rightward primary saccade (PS R ). Both the primary saccades and the microsaccades fit well on main sequences ( Fig. 9b-d) .
Discussion
Dynamic o6ershoots
The purpose of this study was to investigate the prevalence and nature of dynamic overshoots. Our study indicates that they can often be present after 3-20°) . We have also confirmed that these dynamic overshoots are saccadic in nature because of their peak velocity/amplitude relationship. Whilst microsaccades occurring in the opposite direction and directly after the preceding voluntary primary saccade are not uncommon, it is important to stress that there is great inter-and intra-subject variability in their occurrence. Our study also showed that dynamic overshoots also occur after involuntary saccades and reveals them to be present in subjects who have physiological square-wave jerks, congenital nystagmus and manifest latent nystagmus.
The discontinuity between dynamic overshoots and slow phases can, at times, be difficult to differentiate particularly when a dynamic overshoot is immediately followed by a decelerating slow phase. Proven techniques to aid this differentiation are the eye velocity and acceleration profiles, and the main sequence for peak velocity.
Although it would be tempting to suggest that a single function could fit the whole range of main sequence data covering saccadic amplitudes from 0.1 to 30°, it is clear that non-linearities are apparent at both ends of the peak-velocity-amplitude function. This is borne out in the studies by Collewijn and his co-workers (1988) and Becker (1991) who have indicated that an exponential fit is valid when estimating the actual saturation level of the peak velocity, whereas an inverse linear fit is more realistic when estimating the progressive on-set of the peak velocity saturation. More recently, Lebedev and his colleagues (1996) have proposed that for saccadic amplitudes between 1.5 and 30°the square-root relationship represents the best fit.
Small amplitude saccades (B1°), in common with larger amplitude saccades (\ 30°) show large inter and intra-subject variabilities in their peak velocities but differ from the larger saccades in that they have almost symmetrical velocity profiles compared with skewed velocity profiles, where the acceleration period is shorter than the deceleration period (Smit, Van Gisbergen & Cools, 1987; van Opstal & Van Gisbergen, 1987 ). The differences we have found for the main sequences of the dynamic overshoots compared with those for larger saccades reflect, in part, the differences in pulsewidth innervation patterns, such that, peak velocities for saccades greater than 1°mirror the relationship between pulse height× the pulse width, whereas as the peak velocities for microsaccades are affected by the pulse height only (Carpenter, 1988) .
Physiological square-wa6e jerks and dynamic o6ershoots
We have confirmed that physiological square-wave jerks are a common fixational disturbance (ShalloHoffmann et al., 1989) . Indeed, when we were screening over fifty university students for our control study, over one third of them exhibited square-wave jerks. These oscillations were more commonly seen when the subjects viewed the target in mesopic conditions or were tired. The frequency of the square-wave jerks was seen to be idiosyncratic for each of our subjects. Although some subjects had some control over the frequency of the oscillation, no subject was able to modify the dynamic overshoot component.
Microsaccades in congenital nystagmus
Dell'Osso and Daroff (1975a) have identified 12 distinct congenital nystagmus waveforms, classifying them as pendular or jerk. A pure pendular nystagmus is made up of a symmetrical or asymmetrical bidirectional slow phase movement, whilst a pure jerk nystagmus has the slow phase being followed by a saccadic fast phase (Abadi & Worfolk 1989; . Variations on these pure waveforms include pendular with foveating saccades where the smooth pendular movement is interrupted by a saccade of variable size at one end of the oscillation. The saccade re-establishes foveation. In the case of a pseudocycloid oscillation, a braking saccade interrupts the runaway slow phase and is followed by a corrective slow phase restoring the target's image on the fovea. A recent study by Jacobs and Dell'Osso (1997) found that because the braking saccades occur in the presence of, and act to oppose the high velocity slow phases, the metrics of the braking saccades were not comparable with those of equivalent size on the main sequence.
Dell'Osso and his colleagues have also described waveforms with opposite directed saccades immediately following the primary fast phase. These waveforms (including, pseudopendular, pseudopendular with foveating saccades, triangular and bi-directional jerk right (left) were grouped under the category 'bidirectional jerk ' (Dell'Osso & Daroff 1975a; Dell'Osso, 1985) and a typical one is shown in Fig. 6 . In this case the two primary saccades (PS L and PS R ) are approximately equal in amplitude ( 2°) whereas there is a difference in amplitudes of the microsaccades with the MS L being larger than the MS R . It is tempting to suggest that the MS L has been adapted to bring about optimal visual performance (Dell 'Osso, 1973; Abadi & Sandikcioglu, 1975; Dell'Osso and Daroff, 1975a; Dickinson & Abadi, 1985; Reinecke, Guo & Goldstein, 1988; Abadi, Dickinson, Pascal, Whittle & Worfolk, 1991) .
Microsaccades in manifest latent nystagmus
Classically, the manifest latent nystagmus waveform is made up of either decelerating or linear slow phases followed by a single fast phase. However, there have been reports of variations on this theme (Dell'Osso, 1985; Erchul, Dell'Osso & Jacobs, 1998; Abadi & Scallan, 1999; Abadi & Scallan, in press) . In our present communication we consolidate this view with the belief that the oscillations seen in Figs. 8 and 9 whilst not common, represent a distinct sub-class of manifest latent waveforms. The issue of whether subjects with congenital and manifest latent nystagmus always have different, distinctive and sustained slow phases has been debated by many researchers (Dell'Osso, 1985; Abadi & Dickinson, 1986; Gresty, Metcalfe, Timms, Elston, Lee & Liu, 1992; Harris, 1997, Dell'Osso, Harris & Whittle, personal communication) . It is now clear that the influence of visual feedback during the period of time that the data is collected must be taken into account. Recently, Abadi and Scallan (1999) proposed that whatever the neural mechanisms underlying the oscillations, the control system was under a variable gain control. Thus the generation of an increasing or a decreasing velocity slow phase nystagmus was proposed to be dependent upon visual engagement or interest in a scene.
Modelling dynamic o6ershoots
The presence of dynamic overshoots in saccades has been attributed to both a passive mechanism involving the visco-elastic properties of the orbit (Goldstein, 1987; Miller & Robins, 1992) and an active mechanism involving a reversal of the neural control signal to the extraocular muscles Zee & Robinson, 1979) .
In order to distinguish between these two explanations we believe that a quantitative model of the saccadic control mechanism would be useful. Our version of the displacement feedback model, (Jü rgens, Becker & Kornhuber, 1981) with its main components, is shown in Fig. 10 . The novel features of this model are first, the motor error, which is the difference between the required gaze direction and the current gaze direction, is not calculated by an explicit subtraction (Broomhead, Clement, Muldoon, Whittle, Scallan & Abadi, 2000) , and second, we have modified the manner in which the oculomotor neurones influence eye position.
Early descriptions of how eye movements relate to oculomotor firing resulted in a working description of the muscle plant that acts like two low-pass filters in series, with a slow time constant T 1 equal to 0.15 s and a fast time constant T 2 equal to 0.012 s (Optican & Zee, 1984; van Opstal, Van Gisbergen & Eggermont, 1985) . However, investigations of the mechanical properties of the orbital tissues have shown that the plant is more realistically described by two viscous elements in series (Robinson, 1964; Goldstein, 1987) . Using this description we can specify the relationship between the active tension in the extra-ocular muscles, q, the gaze angle, g, and the eye velocity, 6, by a pair of first order differential equations.
In the normal eye, T 1 is equal to 0.26 s, T 2 is equal to 0.012 s and T 3 is equal to 0.072 s (Goldstein, 1987 ). In our model we make the reasonable assumption that the active tension in the extra-ocular muscles directly reflects the oculomotor firing (Skavenski & Robinson, 1973) . This is in keeping with the proposal of a pulse-slide-step pattern of oculomotor firing which has been found experimentally from single unit recordings from oculomotor neurones (Goldstein & Robinson, 1986) . Whilst local feedback models developed with two low-pass filters as a model of the muscle plant typically show pulse-step patterns of innervation, we have ensured a pulse-slide-step pattern of innervation by further assuming that there is an additional low-pass filter with a time constant of T 3 . Such a filter takes the summed signals from the burst cells of the neural integrator and converts them into an oculomotor firing pattern which is identical to the time course of the active tension in the extra-ocular muscles.
Thus the low pass filtering of the signal from the burst cells and neural integrator can be described by the equation:
where n is the output of the neural integrator and b is the output of the burst cells. The behaviour of the neural integrator can be modelled by a first order low pass filter with a time constant T n , which is equal to 25 s in the normal oculomotor system (Optican & Zee, 1984) . The equation describing the behaviour of the integrator is given by:
Finally, the burst cell activity is coupled with the motor error signal (the difference between the required gaze direction and an estimate of current gaze direction), so that the burst cell activity forces the motor error to zero. The pair of differential equations which relate the firing, b, of the burst cells to the dynamic motor error, m, are:
The function f defines the curve of burst cell firing against the motor error, m, and the form of this function was taken from previous models of the experimentally determined curve of burst cell activity against motor error (Van Gisbergen, Robinson and Gielen, 1981; Optican & Zee, 1984) . The parameters of the function were selected so that the durations and peak velocities of the modelled saccades followed the main sequence (Bahill et al., 1975a) . The parameter m, determines how closely the burst cell firing level follows the curve f (see Broomhead et al., 2000 for further details). ! Fig. 10 . A displacement feedback model of the saccadic system. The required displacement of the eye is specified by the input to the model Dg. The firing rate of the burst cells depends on the dynamic motor error m. The velocity signal, b, from the burst cells is integrated to produce a position signal n in the neural integrator. The combination of the position and the velocity signals provide the pulse and step innervation signals which are needed to drive the plant to make a rapid change of eye position g. The pulse-step innervation is converted to the pulse-slide-step innervation by the low pass filter. The gain factor K, is required to match the velocity signal from the burst cells with the damping effects of the plant. Fig. 11 . Simulation of a dynamic overshoot after a 2°saccade. In this case the m parameter is equal to 0.01. (a) eye position (b) torque (c) the phase plane plot of the saccadic pulse generator. Note that despite the reversal in the direction of the eye movement the torque does not take on a negative value. Each point on the phase plot represents a state of the generator. The arrows show how the generator will change from one state to the next. In a normal saccade, the state changes almost instantaneously to lie on the experimentally determined curve which is marked by dots, and then follows this curve to the origin. The trajectory of state changes that are predicted when m =0.01 are plotted as a continuous line. In this case the trajectory overshoots the origin and then turns to follow the dotted lines back to the origin. Since the dotted lines represent the firing patterns in normal saccades, the dynamic overshoot has the characteristics of a normal saccade.
enough, then the curve is not followed precisely and a dynamic overshoot occurs.
A normal 2°saccade can be simulated by setting initial conditions for the system of equations in which all the variables except the motor error are set to zero. When the motor error is set to 2°and the equations solved numerically the results are illustrated as seen in Fig. 11a where the dynamic overshoot is simulated in a 2°saccade, by using a value of m = 0.01, which is an order of magnitude bigger than a normal value of 0.001 (Broomhead et al., 2000) . Fig. 11b shows the associated pattern of activity in the oculomotor neurones expressed as an active torque, which generates the tension in the muscles. It can be seen that, despite the reversal in the direction of the eye movement the corresponding tension does not take on a negative value as had been found experimentally by Miller and Robins (1992) . However, the firing of the burst cells does change sign, as can be seen from the phase plane representation in Fig. 11c , in which the firing of the burst cells is plotted as a function of the motor error.
In support of a passive mechanism, Goldstein (1987) modelled the oculomotor plant as two visco-elastic elements in series, and argued that if the neural signal was not exactly matched to the plant characteristics, then a dynamic overshoot would occur. In particular, he proposed that there was no change in the sign of the tension in a muscle pair as the saccade finished. This absence of active braking was confirmed experimentally by Miller and Robins (1992) . However, such an explanation of the occurrence of dynamic overshoots in terms of the passive properties of the extraocular muscles would predict that larger saccades should give rise to larger amounts of dynamic overshoots and such a relationship does not hold experimentally.
An alternative explanation is that dynamic overshoots occur because of an active mechanism involving the reversal of the firing level of the burst cells (Bahill et al., 1975b) . A mechanism for this reversal was investigated by Zee and Robinson (1979) who argued that because of the high gain of the burst cells, the local feedback loop is unstable and that the pause cells which are necessary to inhibit the burst cells immediately at the end of a saccade were unable to do so. In our model, the role of the pause cells is not specified. One hypothesis is that they act to ensure that m is small enough during the saccade, which would give them a role similar to the one that they have in the Zee and Robinson (1979) model, or alternatively they could act to regulate the timing of saccades. Whether the reversal of firing of the burst cells is due to a delay in the feedback loop controlling burst cell firing, or due to an inappropriate value of the m parameter, as in our model, appears to be an open question.
In summary, the presence of dynamic overshoots during normal saccades, physiological square-wave In a normal eye movement system the firing level changes almost instantaneously from zero to lie on the burst cell firing curve f, and thereafter follows this curve closely as the motor error decreases (Van Gisbergen et al., 1981) . However, if the value of m, is not small jerks and congenital and manifest latent nystagmus, reflects a fundamental aspect of the saccadic control system and we suggest that a dynamic overshoot is a consequence of the way in which the saccadic system controls the high gain burst cells. It therefore appears that dynamic overshoots may be regarded as an unwanted consequence of making a saccade where the dynamic overshoots represent the velocity overspill of the burst cell command. This overspill, which is directly influenced by the parameter m, can even be identified in the physiological fixational eye movement traces reported by Steinman, Haddad, Skavenski and Wyman (1973) as well as in the physiological square-wave jerks, congenital and manifest latent nystagmus and volitional fast eye movements described in this study.
